Abstract: Generally, cast metal is produced by using a sand mould. A foamed polystyrene mould is used as not only the master mould for making the corresponding sand mould but also the lost-foam pattern for full mould casting, i.e., lost-foam casting. Recently, the development of a flexible machining robot for foamed polystyrene materials is expected in the cast metal industries because of the high cost and inefficiency of conventional large sized CNC machine tools. In this paper, a machining robot based on an industrial robot is developed for foamed polystyrene materials by applying the already developed robotic CAM system. A compact and lightweight high performance tool is also considered and attached to the arm tip. The feed rate of an end mill is skilfully regulated by a fuzzy reasoning method. The design of the machining robot using the robotic CAM system and fuzzy feed rate controller is presented to efficiently produce foamed polystyrene moulds.
Introduction
Articulated industrial robots have made remarkable progress and been applied to many manufacturing processes such as handling, welding, painting, assembling, polishing and so forth (Aized, 2010) . Teachingless operation has been one of the most desired application for industrial robots. For example, Izumi et al. (1987) developed a teachingless grinding robot that can sense grinding torque and grinding force acting on grinding wheel. Liu et al. (1994) proposed contour following method and teachingless machining method for an industrial robot. Also, Asakawa and Takeuchi (1997) developed an automatic spray-painting system by using a six-DOFs industrial robot equipped with an air spray gun, which aimed at generating robot control commands without any special knowledge on spray-painting. Nagao et al. (2006) developed a welding robot system for large box structures and put to practical use to automate welding process and to reduce labour requirements. The robot automatically generated the robot operation data, i.e., the robot language codes, based on the design information from a three-dimensional CAD model without the need for conventional teaching by a skilled operator (Nagao et al., 2006) . Further, Neto et al. (2010) presented a CAD-based system to directly programme a robot from a 3D CAD model, which enables users with basic CAD skills to generate robot programmes offline, without stopping robot production. Furthermore, Chen and Xi (2012) presented a robot tool trajectory connection method for a spray forming process, in which the CAD model of a part, a tool model, given constraints and criteria are used. The authors also developed a sanding robot for wooden parts with curved surface (Nagata et al., 2007a ) and a mould polishing robot for PET bottle blow moulding (Nagata et al., 2007b) , in which desired position and orientation of the tool were controlled based on cutter location data called CL data. Pan et al. (2012) reviewed the recent research progresses on the programming methods for industrial robots, in which online programming, offline programming, programming using augmented reality, and future direction of robot programming were described. However, robotic CAM system for industrial robots has not been discussed and developed as CNC machine tools widely used in industry.
In this paper, at first, a simple and straightforward robotic CAM system without using any robot languages is briefly described for a Cartesian-based servo controller in order to enhance the relationship between a conventional CAD/CAM system and a robot arm (Yoshitake et al., 2012; Nagata et al., 2013) . Then, the proposed CAM system is extended to be able to deal with NC data, so that the robot arm with the CAM system can work based on both CL data and NC data without any teaching tasks and robot languages.
Matsuoka et al. proposed the direct end milling system using an articulated industrial robot for the machining process of aluminium building materials (Matsuoka et al., 1999) . The most important function of this approach was using an end mill with a small diameter and a high-speed spindle to be able to reduce the cutting force in order to reduce the effect of the low stiffness of the robot. Andersson and Johansson (2001) proposed a control method for the wood carving process. The method improved the robot control performance and supported simpler programming due to using an industrial robot with a wrist mounted force/torque sensor. However, few robots have been applied to machining process using an end mill in industrial fields because CNC machine tools are superior in terms of the applicability to metallic materials and the accuracy after machining (Chen and Dong, 2013) . Cast metals are generally made using a metallic mould or a sand mould. The metallic mould enables to perform a thin wall and good surface quality, however, the equipment and metallic mould itself are more expensive than the case of the sand mould. That is the reason why the sand mould is mainly used in the cast metal industries. A sand mould is made by transcribing a master mould. Although, up to now, wooden moulds have been mainly used for the master mould, recently, foamed polystyrene moulds are beginning to be used instead of the wooden mould due to the easiness to be machined and the low materials' cost. Generally, CNC machine tools are used for machining wooden moulds and foamed polystyrene moulds as shown in Figure 1 . Since the CNC machine tool is higher in price and more inflexible in terms of DOF than an articulated-type industrial robot, the usage of the industrial robot is highly expected. It is known that the industrial robot is not good at machining using an end mill because of the drawback of its serial link structure, i.e., low rigidity and position accuracy around 0.1 mm at most. Robot makers seem to ensure such a position accuracy in consideration of error propagation across the serial link structure. However, when the target workpiece is limited to foamed polystyrene materials, such an industrial robot may be able to work well. Table 1 tabulates an example of comparison of a five-axis NC machine tool with a tilting head and an articulated industrial robot which we have used for this research. In this paper, secondly, a machining robot is newly presented for foamed polystyrene materials by applying the proposed robotic CAM system to a small-sized industrial robot RV1A. A compact and lightweight high performance tool is also considered and attached to the flange of the arm. Meanwhile, fuzzy set theory and fuzzy algorithms were first introduced by Zadeh in 1965 and 1968, respectively. As for applications to machining process, for example, Zhang and Pan (2008) presented material removal rate control using fuzzy controller, however, both force signal and spindle power information must be dealt with. Also, Andres et al. (2009) achieved an implementation of a CAM-robotics integrated fuzzy post processor based on the position analysis, in which a work cell consisting of one industrial robot manipulator mounted on a linear axis and synchronised with a rotary table was proposed to solve the problem for a constant tool orientation milling process and to obtain the technological basis for research at five axis milling operations. Further, other influential industrial applications developed using fuzzy control approach after 2000 have been presented in the paper written by Precupa and Hellendoorn (2011) . However, apparently, it seems from literature review that there is almost no fuzzy control systems which can be easily applied without using any sensor information to the feed rate control of machining robot.
Finally, in this paper, fuzzy feed rate controller is proposed. The tool's feed rate is skilfully regulated by a fuzzy reasoning method. The fuzzy reasoning method needs no sensor information by analysing only CL data. The basic machining experiment of the proposed machining robot with the robotic CAM system and the fuzzy feed rate controller is presented.
The generation of a desired trajectory

Setting of main-processor of general 3D CAD/CAM
This section explains the setting of CAD/CAM system in order to generate desired position and orientation vectors along a 3D model. Although linear approximation with 'GOTO' statement, arc approximation with 'CIRCLE' statement or their combination can be selected in the setting of main-processor of CAM, only the linear approximation must be set in the parameters of the main-processor. For example, robotic sanding task needs a desired trajectory so that the sanding tool attached to the arm tip can follow the workpiece's surface, while keeping contact with the surface from the normal direction (Nagata et al., 2007a) . If the workpiece is designed by a CAD/CAM system and machined by a CNC machine tool, then CL data can be used as the desired trajectory consisting of position and orientation components. It is important to describe the process for enhancing the relationship between the mainprocessor of CAD/CAM system and an industrial robot, which represents one of the important roles of the proposed direct servo system called the robotic CAM system.
Position and orientation components for discrete-time control system
First of all,
is defined as the desired position and orientation vector at discrete time k. The superscript w denotes the work coordinate system, The tangent velocity scalar v t is decomposed into x-, y-and z-components using t(i) as
where
T is the tangent velocity vector. Consequently, each component of
where Δt is the sampling period. Next, the normal direction vector
is linearly calculated by using the normal direction components of two adjacent steps in CL data. A rotational direction vector t r (i) ∈ ℜ 3×1 is similarly defined as
Each component of
shown above are directly obtained from CL data without both any conventional complicated teaching process and recently proposed offline teaching methods. The desired position and orientation in the discrete time domain are very important to control the tip of a robot arm in real-time, i.e., to design a feedback control system.
If a linear approximation is used when the main processor of a CAD/CAM system generates CL data, the CL data forming a curved line are composed of continuous minute lines such as ||p(i) -p(i -1)|| and ||p(i + 1) -p(i)|| as shown in Figure 3 . In this case, it should be noted that each position vector in CL data such as p(i) and p(i + 1) have to be carefully dealt with in order to be accurately followed along the CL data. For example, 
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where, for example, S θ and C θ mean sin θ d (k) and cos θ d (k), respectively. Note that the direction of 
where [0 0 1] T is the initial normal direction vector.
Finally, φ d (k) and θ d (k) are calculated by using the following inverse trigonometric functions.
It should be noted that when actually setting the roll angle
undesirable servo error (Nagata et al., 2013) . By using the process described in this section, the desired trajectory [ ( ) ( )]
for the robot arm can be generated based on the CL data without conducting any conventional complicated teaching task. The servo system of the RV1A is technically opened to us through Ethernet LAN with UDP packet, so that [ ( ) ( )]
can be directly transmitted to the reference value of the servo system.
Robotic CAM system extended for dealing with NC data
A robotic CAM system based on CL data and the implementation integrated with an industrial robot have been introduced in the previous section. Generally, the main processor of a CAD/CAM system calculates CL data, then the post-processor transforms the CL data to the corresponding NC data according to various types of NC machine tools actually used. This section extends the proposed robotic CAM system for dealing with NC data post-processed for a five-axis NC machine tool with a tilting head as shown in Figure 5 . If the NC data can be reversely transformed to original CL data, it means that the proposed robotic CAM system based on CL data allows the industrial robot to be controlled further based on the NC data. We call this transformation (NC data → CL data) the reverse post-process. Figure 6 illustrates the role of the reverse post-processor.
Figure 5
Post-process means CL data → NC data, also proposed reverse post-processor conducts NC data → CL data (see online version for colours)
Figure 6
Reverse post-processor to regenerate CL data from NC data
In the proposed reverse post-processing, the position components have only to be directly extracted. On the other hand, the orientation components are dealt with considering the geometric configuration, i.e., the tilt angle -90 ≤ B(i) ≤ 90 and the turn angle 0 ≤ C(i) ≤ 360 at the i th step in NC data can be transformed to the corresponding normalised
The proposed reverse post-processor allows the machining robot to be directly controlled by NC data as well as NC machine tools are done.
Machining robot arm for foamed polystyrene materials
It is known that industrial robots allows the production line to suppress the introduction cost, running cost and maintenance cost compared with CNC machine tools. In this section, a robot system incorporating the direct servo system called the robotic CAM system is introduced for machining foamed polystyrene materials. Figure 7 shows a motor spindle EM30-S6000 provided by NAKANISHI Inc., Japan and an aluminium part to attach it to the flange of the robot arm. The motor spindle is integrated with an air-cooling device. Figure 8 illustrates its design drawing. Note that the total weight is about 850 g, which is under the maximum allowable payload 1.5 kg of the robot arm RV1A. Table 2 tabulates other specifications of the motor spindle. Machining experiments have been conducted to prove the effectiveness of the proposed robotic CAM system. Figure 9 demonstrates the machining scene using a ball-end mill, in which a contour path and a zigzag path given with CL data were used. In this experiment, the diameter of the ball-end mill was 5 mm, the feed rate was set to 10 mm/s. It was confirmed that the industrial robot could machine the foamed polystyrene material based on the CL data generated by the main-processor of CAM without using any robot languages. Another machining experiment was evaluated in order to examine the effectiveness of a orthogonal path. Figure 10 shows a x-directional path and a y-directional path, which have y-directional and x-directional pick feed, respectively. In this machining experiment, the pick feed, feed rate, diameter of the ball-end mill and tool rotation were set to 1 mm, 10 mm/s, 3 mm, 10,000 rpm, respectively. Figure 11 shows the machining results of the two cases. It is observed that the surface quality can be efficiently improved by using two types of paths whose directions are orthogonal each other. 6 Feed rate control using fuzzy reasoning
Design of fuzzy feed rate controller
When an NC machine tool is used in a manufacturing industry, there exits a demand to set the feed rate as fast as possible in terms of machining efficiency. However, the semi-optimal values of the feed rate depend on not only the shapes of models but also the kinds of target materials such as metals, woods and foamed polystyrenes. In case of brittle foamed polystyrenes, the main property of materials, which influence the feed rate selection and good machinability, is the occurrence of undesirable chipping. The main-processor generates tool paths, i.e., p(i) (i = 1, 2, 3, ···, N) called CL data, in order that a workpiece can be machined within an allowable tolerance to a designed model, where N denotes the number of all steps in the CL data. Because CL data have higher point density with the increase of curvature of curved surface used in the designed model, it becomes possible to predict the curvature by calculating the distance d(i) = ||p(i) -p(i -1)|| between two adjacent points and its rate
In already developed mould polishing robot, a feed rate controller was incorporated based on a fuzzy reasoning with fuzzy inputs d(i) and Δd(i) (Nagata and Watanabe, 2006) .
In this section, a skilful feed rate control using a fuzzy reasoning is proposed for the 3D machining robot. The main processor of CAM generates feed rate such as F300.0 in CL data. The programmed federate in an NC programme can be manually regulated by an operator by using jog override functions of the controller. However, when the process planner wants to change the feed rate, the process, i.e., the parameter setting of CAM → generating CL data → generating NC data has to be conducted again. In this section, a skilful feed rate control is introduced, in which the change of tool's moving direction and distance between two adjacent step in CL data are analysed. Figure 12 illustrates three types of variations of direction vectors t(i) generated by main-processor of CAM. When the main-processor yields a straight tool path, such three points as shown in Figure 12 (a) are not generated but two points of the both ends are included. In this case, a fast feed rate for machining can be set. Also, when the main-processor yields a tool path along a curved line using linear approximation, such three points with a variation θ(i) [°] of direction vector are generated as shown in Figure 12 (b). Further, Figure 12 (c) shows the typical tool tip motion in pick feed, i.e., θ(i) = 90° in case that CL data are generated along a zigzag path. The variation θ(i) of direction vector is easily calculated by the inner product given by
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For example, if a machining task including the situation as shown in Figure 12 (c) is conducted without reducing the feed rate, an undesirable instability around the end mill and a machining defect of the material would become easy to occur. Hence, a feed rate controller, which can generate suitable velocity according to the variation of tool's moving direction, is proposed to deal with such problems. θ(i) is used for one of two fuzzy inputs. The desirable feed rate 
where R and L are the number of total rules and label of each input, j A and j B (j = 1, 2, 3, ···, L) are the antecedent fuzzy sets for the inputs θ 
As for all fuzzy rules, the confidence ( ) jk μ X μ˜jk(X) with an arbitrary input X at the j th antecedent part is calculated using Gaussian type membership function written by
( ) exp log(0.5)
, , 1, 2, ,
where jk α is the centre of membership function, jk β is the reciprocal value of standard deviation in case of ( ) 0.5. 
Experiment
Let me show the effectiveness of the fuzzy feed rate controller by using CL data forming a spiral path as shown in Figure 14 Figure 15 shows the feed rates generated from the proposed fuzzy controller. As can be seen, it was confirmed that the proposed fuzzy controller could update the desirable feed rate according to the target CL data in spite of the absence of any force feedback sensors to measure the cutting force. It can be also said that the fuzzy controller uses programmed CL data as a feedback mechanism to be aware of the current curvature. Finally, another merit of the proposed process including the fuzzy controller is introduced. Figure 16 shows the comparison of the conventional process using an NC machine tool and the proposed process using an industrial robot with the proposed fuzzy feed rate controller. The direct servo system includes the fuzzy feed rate controller, so that it is not needed to return to the parameter setting of CAM when the tool's feed rate is wanted to be reconsidered. As it is a well-known fact, the standardisation of the interface between industrial robots and CAD/CAM systems has not been sufficiently accomplished as it was done for CNC machine tools. Therefore, the standardisation is now being eagerly required from the related industrial fields. Because the proposed robotic CAM system can be directly applied only to the interface of RV1A at the present stage, coping with the standardisation of robotic interface such as open resource interface for the network (ORiN) (Mizukawa et al., 2001 (Mizukawa et al., , 2002 will become important more and more to expand the usage to the industrial fields.
Figure 17
Small articulated robot VE026A with six DOFs supporting the middleware ORiN2 SDK
Conclusions
A cast metal is generally produced by using a sand mould. A foamed polystyrene mould is used not only as the master mould for making the corresponding sand mould but also as the lost-foam pattern for full mould casting, i.e., lost-foam casting. In this paper, after considering the need for a compact and lightweight high performance tool, a machining robot has been proposed and implemented for foamed polystyrene materials. The machining robot has a novel direct servo system called the robotic CAM system developed from the view point of teachingless operation. The extended robotic CAM system performs the function which enables the robot arm to follow not only cutter location data (CL data) but also numerical control data (NC data) consisting of position and orientation components. The introduced robotic CAM system provides a simple interface without using any robot languages between a well-known CAD/CAM system and the robot arm RV1A. We have further developed the semi-optimisation function of feed rate [mm/s] by using a fuzzy reasoning approach, which enables the robot to suitably generate the feed rate according to CL data. The basic design of the machining robot using the robotic CAM system and the fuzzy feed rate controller has been presented for foamed polystyrene materials.
In future work, the proposed robotic CAM system is planned to be implemented in a small six-DOFs articulated-type academic robot VE026A as shown in Figure 17 which equips with the middleware interface of ORiN standard. The generalised robotic CAM system developed based on ORiN2 SDK technically opened to users will be able to be easily applied to and incorporated in other many industrial robots which support the ORiN2 SDK middleware interface.
